Due to imbalances between vascularity and cellular growth patterns, the tumour microenvironment harbours multiple metabolic stressors including hypoxia and acidosis, which have significant influences on remodelling both tumour and peritumoral tissues. These stressors are also immunosuppressive and can contribute to escape from immune surveillance. Understanding these effects and characterizing the pathways involved can identify new targets for therapy and may redefine our understanding of traditional anti-tumour therapies. In this review, the effects of hypoxia and acidosis on tumour immunity will be summarized, and how modulating these parameters and their sequelae can be a useful tool for future therapeutic interventions is discussed.
Introduction
Tumours commonly exhibit large amounts of intratumoral heterogeneity at genomic, physiological and anatomic scales. Tumours not only contain cancer cells, but are also massively infiltrated by host stromal cells, 1 angiogenic vascular cells, cancer-associated fibroblasts and cells of the immune system (Fig. 1) . The immune system has roles in both cancer surveillance and tumour promotion. 2 Tumour-associated immune responses contribute to various hallmarks of cancer including: sustaining tumour proliferative ability; resisting cell death, angiogenesis, invasion; promoting metastasis; evading growth suppressors; and avoiding immune destruction. 3 To prevent hyperactivation of the immune cells, multiple suppressive mechanisms are employed to inhibit CD4 + and CD8 + T-cell activities. 4 This inhibition is accomplished by regulatory T (Treg) cells [by the secretion of inhibitory cytokines such as interleukin-10 (IL-10) and transforming growth factor-b (TGF-b)], or by cytolysis [through the secretion of granzymes by natural killer (NK) cells and CD4 + T cells], or by metabolic disruption of the effector T (Teff) cells, or targeting T-cell functions via dendritic cells (DCs) through cytotoxic T lymphocyte antigen-4 (CTLA-4) or other mechanisms. 5 CTLA-4 and programmed death protein 1 (PD-1) are the two checkpoint receptors that have critical roles in cancer immunotherapy. CTLA-4 acts as a regulator for the early activation of naive and memory T cells. It is transported to the T-cell surface and reduces T-cell receptor (TCR) signalling. PD-1 restricts the activity of T cells in the periphery to control autoimmunity. It has two known ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC). PD-L1, in particular, is up-regulated in many cancers in response to pro-inflammatory cytokines and results in inhibition of local antitumour T-cell responses. 6 Macrophages alter their cell surface expression profile as they polarize between anti-inflammatory (M1) and pro-inflammatory (M2) phenotypes in response to the external milieu and contribute to immunoregulation. 4 'Classically activated' M1
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macrophages express CD80/CD86 molecules and can activate T cells. Additionally, M1 macrophages can display cytotoxic activity against pathogenic bacteria or neoplastic cells. 'Alternatively activated' M2 macrophages express immunosuppressive ligands. 4 During tumour progression, neoplastic cells evade immune surveillance by evolving mechanisms that subvert the normal tumour-specific immune response, such as distorting the macrophage populations to favour the M2 phenotype 7 or overexpression of checkpoint ligands. 6 Up-regulated expression of immunosuppressive ligands, such as B7H4, on both tumour-associated macrophages (TAMs) and tumour cells are also found in the tumour-microenvironment. 8 Myeloid-derived suppressor cells (MDSCs) are another type of immune suppressors in the tumour microenvironment that have known negative effects on T-cell and NK cell functions. 9 This inhibition of immune surveillance via alternative activation of immune cells is mediated by ligand expression and cytokines, as well as soluble and physico-chemical factors of the tumour microenvironment. 7 Herein, we consider tumour hypoxia and acidity as two important physico-chemical factors that can inhibit anti-tumour immune responses (Fig. 2) .
Effect of hypoxia on immune function
Hypoxia can be simply identified as lack of oxygen, which is a consequence of increasing oxygen requirement by proliferating cancer cells and dysfunctional and insufficient blood supply resulting from tumour angiogenesis. 10 As normal oxygen pressure varies between different tissues, there is not a fixed level to define hypoxia or degree of hypoxia. For instance, normoxia is a partial pressure (pO 2 ) of 21% in the lungs, 13% in arterial blood and 5% in the human liver. 11, 12 However, when the vessels are not developed and/or are blocked, e.g. in an ischaemic episode, the oxygen partial pressure decreases, leading to oxygen deficits with pO 2 < 1Á5% (c.10 mmHg), known as hypoxia. Although many tumours promote vessel formation through signalling via the vascular endothelial growth factor (VEGF), unregulated VEGF can actually lead to hyper-proliferation of blood vessels, which leads to reduced perfusion due to imbalanced capillary networks. 13, 14 As described below, hypoxia has dramatic effects on all cells involved in immune reactivity ( Table 1) .
Effect of hypoxia on lymphocytes
The three major types of lymphocytes are T cells, B cells and NK cells. T cells and B cells are major cellular components of the adaptive immune response to neo-antigens, whereas NK cells are considered part of innate immunity. The effect of the hypoxia inducible factor (HIF1-a) pathway on T lymphocytes was reviewed by Palazon et al. 15 In vitro experiments have demonstrated that the concentration of oxygen in the culture media can modify the proliferation and function of T lymphocytes. Low oxygen levels significantly reduce lymphocyte proliferation, compared with normoxic conditions. 16, 17 This may have a physiological role, as lymph nodes and spleen contain large regions of hypoxia in vivo, 18 and this is thought to prevent CD8 + T-cell activation by stabilization of HIF1-a and suppression of TCR-mediated Ca Hypoxia increases the FOXP3 transcription factor levels, which is a potent regulator of Treg cells . 20 Hypoxia also promotes the production of TGF-b and CCL28, both of which have a role in the up-regulation of Treg cells, contributing to the inhibition of Teff cell responses, and also promoting angiogenesis and tumour tolerance. 21, 22 Further, hypoxia appears to skew CD4 + cells towards a T helper type 2 (Th2) phenotype, 23 and the resultant IL-4 can induce alternative macrophage polarization. HIF1-a regulates the balance between Treg cells and Th17 differentiation. 24 Additionally, it has been shown that the accumulation of extracellular adenosine linked to increased elevation of cyclic adenosine monophosphate (cAMP), promoted by the cAMP adenosine receptor A2AR, causes inhibition of antitumour activity of T cells. 25 Hypoxia negatively affects the production of interferon-c (IFN-c) and IL-2 by both CD4 + and CD8 + T cells. 26 It was also observed that the performance and presence of T cells are decreased in hypoxic regions in vivo. 27 Hypoxia generates reactive nitrogen species by MDSC and TAMs. Nitration of TCR and CD8 cells decreases their ability for recognizing cognate MHC antigen. Besides, nitration of the chemokine CCL2 inactivates its capacity to attract effector lymphocytes while it can still attract MDSCs. HIF1-a prompts PD-L1 expression on tumour cells and MDSCs, which results in the suppression of Teff cells. 28 In NK cells, the relation between HIF1-a, up-regulation of metalloproteinase ADAM10 and down-regulation of MHC class I chain-related molecule A (MICA), has an effect on resistance to lysis. Accordingly the interaction between natural group 2D (NK2D) and MICA plays a critical role in the direction of NK cell responses against tumour cells.
29 Up-regulation of TGF-b by hypoxia can also decrease NKG2D receptors on NK cells, which may be due to hypoxia-induced release of microvesicles. [30] [31] [32] Further, hypoxia-induced autophagy leads to granzyme B degradation and allows tumour cells to escape from NKmediated killing. 33, 34 The effects of hypoxia on reduced NK activity can also be indirect. For example, in melanoma cells, hypoxic stress increases the gap junctional Connexin43 expression in a HIF1-a dependent manner 35 and Connexin43 renders cells less susceptible to NK-cellmediated lysis. 36 The cytotoxicity of NK cells in metastatic niches has been shown to be decreased by hypoxia, 
Effect of hypoxia on myeloid cells
Macrophages are one of the most abundant types of myeloid cells in the tumour microenvironment. Their main function is to engulf and digest debris and foreign substances, including microbes, extracellular matrix remnants and tumour cells. 38 However, attracted by the hypoxic environment of tumour, 39 TAMs can promote malignant progression in part by inducing angiogenesis 40 and matrix remodelling that supports progressively growing neoplasms. 41 Hypoxia promotes the expression of VEGF, fibroblast growth factor, and matrix metallopeptidases 7 and 9 genes by macrophages, which leads to an increase of macrophage infiltration into hypoxic regions, where they reduce inflammation to promote tumour progression. 42 It has been demonstrated in vivo that HIF1-a is required in the regulation of myeloid cell glycolytic capacity, survival and function in the inflammatory microenvironment. 43 Both TAMs and MDSCs often express Semaphorin 3A via Neuropilin binding, which helps both types of cells to enter hypoxic zones. As they enter, HIF1-a down-regulates Semaphorin 3A, resulting in the accumulation of these cells in hypoxic zones. 30 Studies in adenocarcinoma models support the idea that the M1 phenotype of TAMs dominates in the normoxic niches, whereas the M2 phenotype of TAMs dominated in hypoxic niches. 44 Different types of HIF activity of TAMs have also been observed. HIF1-a is stabilized during M1 polarization, which involves nuclear factor-jB, [45] [46] [47] [48] whereas HIF2-a is stabilized during M2 polarization. 49, 50 The consequences of this differential expression of HIFs are not known, although it has been shown that HIF2-a is an important regulator of arginase1 gene expression, a molecular marker of M2 polarization. 51 During oxygen deficiency, HIF1-a is stabilized in TAMs, which is associated with the increase of transcription and secretion in VEGF, crucial for pro-tumoral angiogenesis. TAMs that express angiopoietin 2 (Tie2 + ), induced by hypoxia in monocytes, are profoundly pro-angiogenic.
52 HIF1-a expression by TAMs is also known to be responsible for the suppression of T-cell responses 53 and promotes PD-L1 expression on MDSCs. 28 
Effect of hypoxia on neutrophils
Neutrophils are phagocytic granulocytes that are mediators of innate immunity. Despite their short lifespans, they are the most abundant class of white blood cells in humans. There is a link between the high rate of tumour invasiveness and elevated neutrophils and those neutrophils are stabilized by hypoxia. 54 Hypoxia promotes neutrophil survival in a HIF1-a-mediated manner, 48 which promotes a loss of host defence function of neutrophils. Degradation of HIF1-a is promoted by activation of prolyl hydroxylase enzymes, PHD-2 and PHD-3. A direct and specific role for PHD3 in promoting neutrophil survival in hypoxia has been observed using PHD3-deficient neutrophils. 55 It is possible that the effect of hypoxia on neutrophil longevity is mediated by a significant inhibition of neutrophil apoptosis, which is the major mechanism involved in the resolution of inflammation. This effect of hypoxia on neutrophil apoptosis has been shown in vitro to be a bcl-2-independent process. 56 The mechanisms by which hypoxia regulates neutrophil survival have been studied, and it was shown that induced survival is mediated by HIF1-a-dependent nuclear factor-jB activity. 48 Hypoxia also appears to impair neutrophil chemotactic migration in vitro.
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Effect of hypoxia on dendritic cells
Dendritic cells are antigen-presenting cells that play an important role in connecting innate and adaptive immunity. There are few studies investigating the effect of hypoxia on DCs. In contrast to other immune system cells, hypoxia appears to improve the activity of DCs, which may have a physiological role, as lymph nodes are known to be hypoxic. 18 Hypoxia and HIF1-a regulate DC maturation, activation and antigen-presenting functions. 58 Hypoxia regulates expression of co-stimulatory molecules CD80 and CD86 by DCs. Dendritic cells stabilized HIF1-a and this resulted in a stronger T-cell activation and proliferation with PHD inhibition. HIF1-a also hinders differentiation of bone marrow precursors into plasmacytoid DCs. 31 
Effect of acidosis on immune function
In contrast with hypoxia, studies on the effect of low pH on the immune system are less well developed, despite its near-universal presence in solid tumours. Tumour acidosis is a phenomenon of tumour progression, and results from elevated fermentative carbohydrate metabolism combined with poor perfusion. During carcinogenesis, cancer cells are selected by stressful conditions to ferment glucose, even in the presence of adequate oxygen. 59 Even though aerobic glycolysis (fermentation) is less efficient than respiration for energy production, it is one of the most commonly observed phenotypes in cancers. A significant consequence of increased glycolysis is acidification of the extracellular milieu and some have proposed that cancer cells that produce acid are more competitive and hence, acidity itself, rather than glycolytic ATP production or access to anabolic substrates, is the selected phenotype.
Releasing lactate at high rates is also a strategy to overcome immune surveillance. Some studies investigate lactate without changing pH, and others focus on acidosis without changing lactate, 61 whereas both are changing simultaneously in vivo. Those studies that have investigated both in concert have observed that low pH exacerbates lactate effects and vice-versa. Lactate is a promoter of tumour acidity, local invasion and matrix remodelling. 62 This acidity has direct effects on the immune system.
The acidic tumour microenvironment has multiple consequences relevant to carcinogenesis, including somatic selection of cancer cells during the initial phase of tumorigenesis for augmented cell survival, escape from apoptosis and drug resistance. 63 More recent studies also demonstrated that acidosis can alter the functions of cells of the immune system, including T cells, neutrophils, macrophages and DCs. 7, 64 The effect of low pH on the immune system is discussed below and summarized in Table 2 .
Effect of acidosis on lymphocytes
Both cancer and immune cells are highly dependent on the glycolytic pathway for proliferation, survival and activity. Cancer cells rely on glycolysis even under aerobic conditions, which may be due to rapid temporal changes in energy demands for the cell membrane activities needed for division, growth and migration. 65 This allows cancer cells to rapidly adapt to changing conditions more effectively than non-glycolytic cells. Furthermore, elevated glycolysis significantly reduces glucose availability and, although cancer cells can enter quiescence in the absence of glucose, activated T cells do not survive without glucose. Thus, reduced glucose alone puts T cells at a disadvantage when attempting to expand into an acidic environment. 66 An acidic tumour microenvironment does not appear to affect CD4 + Treg cells, possibly because they primarily rely on fatty acid oxidation. 67 In contrast to CD4 + cells, acidification profoundly induces an anergic state in both human and mouse tumour-specific CD8 + T lymphocytes. This results in severe reductions in cytolytic activity, cytokine secretion, down-regulation of IL-2Ra (CD25) and TCR followed by diminished activation of signal transducer and activator of transcription 5/extracellular signalregulated kinase (ERK) signalling. 68 It is also reported that low pH affects plasma membrane and microtubule mobility, leading to decreased association of different TCR components with CD8 or other co-receptors, so contributing to T-cell anergy. 69 It has been shown in vitro that raising the culture pH can reverse T-cell anergy and that long-term exposure to low pH can cause permanent damage or induce T-cell apoptosis. In the short-term, however, acidosis leads to increased persistence, presumably because of the aforementioned anergy.
Lymphocyte motility under low pH microenvironments has also been investigated. Stimulation of murine splenic lymphocytes with IL-2 in three-dimensional gels showed that acidic pH increases the migration of lymphocytes through the extracellular matrix. Acidic pH blocks the activation and anti-tumour functions of T cells in vitro through sequestration of IFN-c mRNA and this is associated with metabolic changes that are not mediated by acidification of cytoplasmic pH. 61 In this study, it was also shown that neutralization of tumour acidity in vivo with oral buffers increased the efficacy of checkpoint inhibitors and adoptive T-cell transfer. Furthermore, tumour acidity promotes tumour progression by negatively affecting maturation and function of Th1 lymphocytes while stimulating the progression of tumour-promoting Th2 lymphocytes by inactivation of IFN-c and suppression of tumour necrosis factor-a. 66 
Effect of acidosis on myeloid cells
The influence of pH on macrophage polarization is less well documented. Some studies focused on the effect on tumour angiogenesis, and showed that the process of Lactate has been found to be responsible for promoting survival and proliferation of MDSC 71 and to increase the release of pro-angiogenic factors by the murine macrophage cell line RAW264.7 through induction of VEGF production and release. In contrast, another study has shown that there is no effect of low pH on angiogenic activity of human macrophages. Other studies of low pH effect on regulation of macrophages have been focused on activation of inducible isoform of nitric oxide synthase (iNOS). Macrophages exposed to low pH had an elevated iNOS level in a nuclear factor-jB-dependent manner, which can be activated by tumour necrosis factor-a. 72 Lactic acid produced by tumour cells affects signalling through the induction of VEGF and M2-like polarization of TAMs, 73 and gives rise to the expression of arginase 1 in macrophages to inhibit T-cell proliferation and activation. Consistent with this, we have observed that adaptation of macrophages to low pH induces an M1 ? M2 phenotypic switch, characterized by a loss of iNOS and induction of arginase and the mannose receptor, CD206. 74 
Effect of acidosis on neutrophils
The effect of acidosis on neutrophils was comprehensively reviewed in 2001 by Lardner, in which it was stated that acidic pH leads to decrease of superoxide production. 75 Acidosis can also elicit human neutrophil activation through transient up-regulation of CD18 expression, increase in Ca 2+ over resting levels, and delays in rate of apoptosis. 76 Acidosis-induced neutrophil activation occurs via phosphatidylinositol 3-kinase/Akt and ERK pathways. 77 
Effect of acidosis on dendritic cells
Studies investigating the effect of acidosis on DC behaviour found that extracellular acidity improved the antigen-presenting capacity of DCs derived from murine bone marrow. 78 In this study, lactic acid either alone or with combination of the tumour-derived cytokines macrophage colony-stimulating factor and IL-6, significantly altered antigen presentation and functional activity of DCs, pointing to a possible metabolic effector function of lactate independent of its effects on pH.
Targeting hypoxia and acidosis to improve immunotherapy
Immunotherapy is a growing and promising field that can lead to improved control of cancers with high mutational loads (neo-antigens). The prominent types of immunotherapy include immune checkpoint inhibitors, cancer vaccines and adoptive T-cell transfer. Although significant progress has been made, durable response rates remain low. For instance, objective response rates in melanoma are from 18% to 27% for anti-PD-1 or PD-L1 antibodies, and 11% for anti-CTLA-4 antibodies. Notably, the combination of PD-1 and CTLA-4 checkpoint blockades showed an increase in response when compared with using either checkpoint alone, from 20% to 40%. This implies, however, that 60% of patients are non-responsive and so, other immunosuppressive activities are probably present. An underexplored inhibitor of immunotherapy is the impact of physical tumour microenvironment on immune function. Given the above evidence of the impact of hypoxia and acidosis on immune function, it is reasonable to expect that manipulating the microenvironment will enhance the outcomes of immunotherapy in some patients, especially if they are biomarker driven.
Targeting hypoxia in combination with immunotherapy
Hypoxia influences immune checkpoint receptors and their respective ligands. HIF1-a and HIF2-a were both investigated in relation to PD-L1, whose promoter contains a hypoxia-response element. Importantly, hypoxia selectively up-regulates PD-L1 on MDSCs through HIF1-a. 28 This was not limited to MDSCs, as hypoxia also significantly increased PD-L1 expression on macrophages, DCs and tumour cells. 28 Combinatorial approaches using HIF1-a inhibitors with PD-L1 blockade may boost immune responses in patients. 79 Another combinatorial approach using a HIF1-a inhibitor with DC-based immunotherapy resulted in tumour regression and improved survival in a mouse model of breast cancer. 80 Alternatively, targeting tumour hypoxia directly may enhance immunotherapy responses by decreasing the number and function of immunosuppressive cells, increasing effector T cells and improving vaccine efficacy. Tumour cells adapt to hypoxia by angiogenic switch with production of VEGFs, angiopoietin-2, IL-8 and other factors. As dysfunctional vessels lead to hypoxia and tumour resistance there is a strong effect to normalize vessels to reduce hypoxic volumes within the tumour microenvironment. Normalizing vessels by targeting VEGF/VEGFR promotes CTL entry to tumour mass. It also affects macrophage polarization and stimulates M1 phenotype. Inducing Th1 and triggering secretion of IFN-c and IL-12 allows CTL infiltration which triggers decrease in Treg cells. 81 Targeting hypoxic regions with hypoxia-activated pro-drugs, evofosfamide (TH-302), improved checkpoint blockade (CTLA-4, PD-1) in transplantable and genetically engineered prostate cancers in preclinical models. 82 Hypoxia-specific cytotoxic activity of hypoxia-activated pro-drugs was observed with in vivo and in vitro ª 2018 John Wiley & Sons Ltd, Immunology, 154, 354-362 models. 83, 84 Based on these and other data, a clinical trial (NCT03098160) combining evofosfamide with ipilimumab in solid tumours was opened in May 2017.
Targeting acidosis in combination with immunotherapy
Therapies based on manipulation of tumour micro-environmental acidosis using buffers have shown improved results as monotherapy in a variety of animal cancer models. [85] [86] [87] [88] According to preliminary studies, neutralizing tumour acidosis with buffers in combination with immunotherapy can lead to improved durable outcomes. 61 In this study, oral bicarbonate buffer (200 mM ad libitum) was used to neutralize tumour acidity and, in combination with anti-CTLA-4, anti PD-1 or adoptive Tcell therapy, led to durable responses in both B16 melanoma and Panc02 pancreatic cancer models. These findings suggest that buffer therapy may improve response rates to immune therapies in the clinic. However, a buffer therapy approach is not easy to implement clinically as three clinical trials (NCT-1350583, NCT-01198821 and NCT-1846429) were not successful due to poor patient compliance and grade 2 gastrointestinal events. Another approach to increase tumour pH directly is by using the action of urease enzyme. Ureases are urea-degrading enzymes that convert urea into more toxic ammonia and lead to a local pH rise from the generated ammonia.
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CEACAM6-targeted Jack bean urease (L-DOS47) has begun to be used in preclinical tumour models and clinical trials to modify the tumour microenvironment. 90 There are numerous possibilities to target tumour acidity more indirectly by influencing metabolism or ion transport. For example, carbonic anhydrase IX (CA-IX) controls intracellular and extracellular acid-base balance to maintain survival and is a key regulator of extracellular acidity. As a catalyser of reversible hydration of CO 2 to bicarbonate and protons at the extracellular surface, inhibition of the catalytic activity of CA-IX can manipulate its role in pH regulation. 10 Lactate overproduction is another hallmark of cancer that is associated with acidity and can impact a cell's ability to regulate its pH in the face of acidity. 91 As tumour cells need slightly alkaline intracellular pH, they overcome the accumulation of lactate and H + ions in terms of using monocarboxylate transporters (primarily MCT-4) that facilitate the export of lactate and H + . By reversing the molecular machinery, cancer cells provide alkaline intracellular media while having an external acidic pH, which is also beneficial for the survival and invasive characteristic of cancer cells. Furthermore, there is a mutual metabolic relationship between cancer and stromal cells. In contrast to the belief that stromal cells use only glucose as an energy source, it was demonstrated that they also can use cancer-cellderived lactate, which is transported into cells primarily with MCT-1. 92 There is a strong effort to target MCTs, and these approaches may be combined with immune therapies by virtue of their effects on pH regulation. 10 Targeting lactate metabolism is another promising approach for the modulation of tumour pH. High glycolysis rates in cancer cells result in lactate overproduction. As cancer cells export lactate rather than using it as a nutrient, it acidifies the tumour microenvironment. 93 One such approach could be targeting lactate dehydrogenase A (LDHA), which has been shown to inhibit pyruvate to lactate in vivo conversion. 94, 95 On the other hand, use of LDHA inhibitors is challenging as it was reported that LDHA deletion in CD4 T cells shows defects in IFNc production. 96 
Conclusion
Until recently, the primary approach to treating cancer has been the identification of genetic instabilities with gene-product-targeted therapies, which has failed to lead to durable responses. The emergence of immune targeted therapies has led to more durable responses, although response rates remain low. The role of the tumour microenvironment's effect on the immune system has begun to be studied. Both hypoxia and tumour pH have direct and indirect effects on the immune system and are, in general, 'immune suppressors'. There is strong evidence that hypoxia and low pH can contribute to resistance to immune therapies. Although important progress has been made to understand the mechanisms underlying the effects of hypoxia and low pH on immunotherapy, non-negligible knowledge gaps still remain. There is strong evidence that hypoxia and acidic pH in the tumour microenvironment have dramatic effects on immune system cells and therapeutic resistance. New treatments that aim to perturb them is an intriguing avenue for further improving responses to immunotherapy.
